The dynamics of mesophilic and thermophilic bacterial population was studied in the bulk soil and rhizosphere of the grass Aristida adscensionis L. in a caatinga of the semi-arid Brazilian Northeast. Mesophilic heterotrophic bacteria, spore-forming bacteria and actinomycetes were significantly more abundant than thermophiles, and their counts were 10 6 -10 7 CFU g -1 dry soil, showing weak fluctuations over the one-year study period. Thermophiles were below 10 6 CFU g -1 dry soil and, in general, demonstrated stronger fluctuations over the studied period. Among them, thermophilic actinomycetes showed the greatest decline during the dry season. No significant differences in microbial number were observed between bulk and rhizosphere soil. Mesophilic bacteria were represented mainly by Gram positive, filamentous organisms (actinomycetes) and by Gram positive, endospore-forming, rod-shaped organisms. All isolates of thermophilic bacteria were Gram positive, endospore-forming rods. Most of mesophilic isolates produced amylases and proteases, and 38% of isolates produced all studied extracellular enzymes: amylases, proteases, cellulases and chitinases. Among thermophilic bacteria, all isolates showed proteolytic activity and 77% produced amylases, but no one produced cellulases or chitinases.
INTRODUCTION
Caatinga, a dry tropical deciduous vegetation, composed by small trees, bushes and grasses, xerophiles and deciduous plants, is the largest vegetation type, which comprises approximately 845 thousands km 2 , in the semi-arid region of Northeast of Brazil. Some characteristics of the caatinga region are high level of insolation, high temperature, scanty hydric resources and scarce rains, that often cause long periods of drought.
Information on density and diversity of soil microorganisms is scarce under dry land tropical conditions, especially in caatinga soils. The microorganisms in the soil are strongly influenced by various chemical and physical factors, including the nutrient availability, organic matter, soil moisture and temperature (1, 22, 25) . In arid environments all these factors are usually unfavorable for microbial growth in the soil. Among physical stresses, a short-term drought may be the major stress affecting microbial population diversity and activity, due to reduced substrate diffusion in dry soils and increased microbial demands for C and N (19) .
Bacteria constitute the principal group of decomposers responsible for carbon recycling, mostly because of their capacity to produce diverse extracellular enzymes that degrade complex compounds and macromolecules (10) . The production of extracellular hydrolytic enzymes such as proteases, amylases, cellulases and chitinases in the semi-arid soil, characterized by limited nutrients availability, as well as the rhizospheric effect, may greatly contribute to growth and survival of bacterial population. In semi-arid tropics the thermophilic and thermotollerant bacteria may play significant role in the soil, however, there are a few reports on these microbial groups in relation to their abundance and diversity in the soil (16, 26) .
The present study was carried out to determine the dynamics of mesophilic and thermophilic bacteria population in the bulk soil and rhizosphere of Aristida adscensionis, a naturally occurring grass at the caatinga in Brazilian Northeast. The biotypes and the extracellular enzymes activity of isolated soil bacteria were also investigated.
MATERIAL AND METHODS

Study site
This study focuses on Cariris Velhos region in Paraiba State, considered one of the driest parts of Northeast Brazil. Field samples were collected at caatinga area of São João do Cariri (7º25'S, 37º 30'W), located at 300 km from João Pessoa-PB. Most of the studied sites, used as natural pasture in very moderate scale, had scattered woody and herbaceous vegetation dominated by Aspidosperma pyrifolium Mart., Croton sonderianus Muell.Arg., Opuntia spp., and Sida sp. Most of the area between the trees was colonized by grass Aristida adscensionis L. (Poaceae).
The climate of the region studied is semi-arid (Bush type), dry and hot, with dry and rainy season not well defined. Mean annual precipitation is 350 mm, and the main rainfall occurs between February and May.
The chemical characteristics of soil (luvisol), were as follows: 1.31% total organic carbon, <0.01% total nitrogen, 3.33 % Ca, 4.42% Mg, 2.29% Na, 3.91% K, 0.01% P; pH 6.8.
The precipitation of the period (October 1997 -August 1998) was 121 mm, where among six sampling times, the monthly rainfall was as follows: October -0, November -0, December -3, January -3, February -10, March -0, April -10, May -10, June -25, July -20 and August -40 mm (data from Civil Engineering Department of Federal University of Paraiba). The total annual precipitation of 1997 and 1998 were 448 mm and 118 mm, respectively.
Sampling and soil analysis
Bulk soil samples were collected at the 0-10 cm depth in the interspaces between trees in the sites that lack vegetation. Each soil sample was a mixture of five sub-samples taken randomly in the selected area of 20x20 m. Simultaneously, the roots of grass A. adscensionis with adhering soil were collected and transported to the laboratory in sterile plastic bags for further processing. Samples of bulk soil and rhizospheric soil were collected every two months during one year (October 1997 -August 1998).
The soil temperature was measured at 2 and 10 cm depth in the sampling sites, always at the same day period (noon). The percent moisture and soil pH were determined according to Foster (6) .
Counts of mesophilic and thermophilic bacteria
The number of mesophilic and thermophilic culturable heteretrophic bacteria, spore-forming bacteria and actinomycetes were determined by plating serial dilutions of the soil on agar media. The incubation of microorganisms were carried at 30ºC and 55ºC for mesophilic and thermophilic cultures, respectively. Total heterotrophic bacteria were enumerated and isolated on the yeast extract -peptone -soil extract medium (YPS) (3) and on 100-times diluted nutrient broth agar medium (DNB) (8) , after 12 days of incubation. Spore-forming bacteria were plated on modified nutrient agar medium (NB/SF) according to Holt and Krieg (11) , using dilutions of soil heated at 80°C for 10 minutes, and counted after 5 days of incubation. Mesophilic actinomycetes were enumerated on modified yeast extractglucose medium (YGA) (4) 
The rhizosphere effect (R/S ratio) for each microbial group was calculated.
Characterization of bacteria isolated from bulk and rhizospheric soil
Forty three isolates of mesophilic and 34 isolates of thermophilic bacteria were isolated on DNB medium from bulk and rhizospheric soil. The strains were characterized using Gram staining performed by Hucker modification (5) and catalase and oxidase production (20) . For testing spore formation, aged culture cell suspension was heated at 80ºC for 10 min and inoculated on DNB agar medium supplied with 1% of yeast extract (Difco). The isolates were tested for growth in fullstrength nutrient agar (NB) medium. Bacteria were inoculated on both NB and DNB media and incubated for 7 days at 30ºC (mesophiles) and 50ºC (thermophiles). Bacteria grown on the NB medium were grouped as NB organisms and considered as copiotrophs. Bacteria able to grow only on DNB medium were grouped as DNB organisms and tentatively considered as oligotrophs (23) . The bacterial isolates were tested for growth at temperature ranging from 25 to 70ºC (5ºC intervals) on DNB agar medium supplied with 0.1% yeast extract (Difco) incubated for 7 days. For each isolate the optimum, maximum, and in some cases, minimum growth temperatures were determined.
Production of extracellular enzymes by bacterial isolates
Agar medium screening test was used to analyse cellulolytic, proteolytic, amylolytic and chitinolytic activity of isolates. Mesophilic and thermophilic isolates were incubated at 30ºC and 50ºC, respectively.
Cellulolytic activity was determined on agar medium with 0.1% carboxymethylcellulose (Sigma) according to the method of Teather and Wood (24) . Chitinolytic activity was evaluated on agar medium composed by 0.5% dry mass of colloidal chitin (Difco), 0.1% NH 4 (15) . After 15 days of incubation, the depth of the clear medium in the tubes was measured (mm). Amylolytic enzymes production was tested on the medium with 0.2% of starch (Difco) according to Smibert and Krieg (20) . The composition of medium for screening proteolytic activity was as follow: 2% gelatine (Difco), 0.01% NaCl, 0.05% K 2 HPO 4 , 0.02% MgSO 4 . 7H 2 O, trace FeSO 4 . 7H 2 O, 0.01% CaCl 2 , 1.5% agar (pH 7.0). After 4 days of incubation, the zones of gelatine hydrolysis were measured after previous flooding with Frazier´s reagent (15.0 g HgCl 2 , 20ml concentrated HCl, 100 ml distilled water).
Statistical analysis
The one-way analysis of variance (ANOVA) was performed on the plate count data (Log CFU/g) analysing the following factors: soil type (bulk, rhizospheric), microbial group (mesophiles, thermophiles) and culture medium (DNB, NB). Comparisons having significant F values (p ≤ 0.01) were further compared using Tukey´s HSD test. Mean values and standard errors for counts were generated for each bacterial group. The software used for computation of statistics was Statistica for Windows (version 5.1, StatSoft, Inc. Tulsa, OK). Figure 1 shows the values for soil temperature and moisture over the study period. The soil temperature was always over 31ºC and reached the highest values, 57 and 52ºC at 2 and 10 cm depth, respectively, on February (dry season). Only in June and August, characterised by higher rainfall, were detected lower soil temperatures (31-36ºC). The soil moisture was very low, ranging from 0.1% (dry season) to 3.1% (rainy season). There were no significant differences in moisture between the bulk and rhizospheric soil.
RESULTS
Population dynamics of mesophilic and thermophilic bacteria in soil
Each group of mesophilic and thermophilic bacteria in the caatinga bulk soil and A. adscensionis rhizosphere showed characteristic pattern of density fluctuations. The number of mesophilic bacteria varied from 6.7 to 7.7 log CFU g -1 of soil, while the thermophilic bacteria were less numerous, showing the counts from 4 to 5 log CFU g -1 (Fig. 2) . Thermophilic culturable heterotrophic bacteria were significantly more numerous on DNB medium than on YPS medium, but only those isolated from bulk soil. The counts of mesophilic bacteria were similar in both media ( Fig. 2 and 3 ). Thermophilic bacteria showed higher fluctuations in their number over the period (Fig. 2) . Significant decline of their counts, from 6.5 to 4.1 log CFU g -1 on DNB medium, was observed in February. The counts of mesophilic actinomycetes and spore-formers were similar and averaged 6.5 -6.7 log CFU g -1 and 6.0-6.1 log CFU g -1 , respectively ( Fig. 2 and 3) . The abundance of mesophilic members of these groups was significantly higher than thermophiles in all samples (Fig. 3) . Among bacteria analysed, the thermophilic actinomycetes showed the most significant decline in February and April in both bulk and rhizospheric soil samples (Fig. 2 ).
There were no significant differences between the number of any bacterial group in bulk and rhizospheric soil (Fig. 3) . The rhizospheric effect of A. adscensionis was more pronounced in case of thermophiles than mesophiles ( Table 1 ). The greatest rhizosphere effect for thermophilic group of total heterotrophic bacteria and spore-forming bacteria was observed in December, which was one of the driest month (3 mm of precipitation).
Bacterial biotypes and extracellular enzyme production
The bacterial isolates were phenotypically characterized and grouped into five biotypes. All isolates, with excession of three, were Gram positive. Among mesophilic bacteria, actinomycetes (biotype D) were predominant (56%) ( Table 2 ). Endosporeforming rods (biotype B) constituted 30 % of isolates, and were more frequent among isolates from root-free soil than from rhizosphere. All isolates of thermophilic bacteria were represented by only one biotype (endospore-forming rods).
The oligotrophic organisms were observed only among mesophilic bacteria (28%), while all thermophilic isolates were copiotrophic ( Table 2) .
Most of mesophilic isolates grew optimally at 30ºC, and maximum growth temperature was 45 -50ºC (Table 3 ). The bacteria isolated at 50ºC showed optimum growth between 40 and 50ºC and the majority of isolates grew up to 65 -70ºC. Among them, 5 isolates can be considered as thermophiles sensu stricto since Tmax > 55ºC and Tmin > 30ºC while other strains were thermotollerant, according to the Sonnleitner´s classification (21) .
Most of the mesophilic isolates produced amylases and proteases (Fig. 4 and 6 ). Production of enzymes tested was more common among endospore-forming bacteria and actinomycetes. All substrates tested were degraded by 13 strains, that represented 50% of actinomycetes and 8% of sporeforming bacteria. Among the other isolates, only amylolytic and proteolytic activity were found. In case of thermophilic bacteria all isolates showed proteolytic activity and 77% produced amylases ( Fig. 5 and 6 ). However, none isolate showed celullolytic and quitinolytic activity. Isolates that showed higher proteolytic and cellulolytic activity were isolated from bulk soil, while those with higher production of amylases and quitinases were from rhizospheric soil.
DISCUSSION
In the conditions of semi-arid climate, such as high temperature, low and irregular rainfall, presence of specific vegetation, high salinity and low concentration of organic matter in soil, the microbial populations are selected and stimulated seasonally according to niches structure over the year (26) .
In the present work we found that the culturable microbial population in the bulk and rhizospheric soil of the grass Aristida adscensionis L. was, in general, stable along the course of the study. The mesophilic heterotrophic bacteria, actinomycetes and spore-forming bacteria were significantly more abundant than the thermophilic members of these groups.
The thermophilic bacteria were numerous in soil of caatinga, showing the counts from 10 4 to 10 6 CFU g -1 on different media and study sites. There are a few reports on the abundance of thermophilic microorganisms in soil. Marchant et al. (16) , who studied microorganisms of cool soils of Northern Ireland, found 10 4 CFU of thermophiles per g of soil on full strength nutrient agar medium.
Thermophiles usually demonstrated stronger fluctuations over the period, and among them, actinomycetes showed the greatest decline during the drier season. The numbers of mesophilic and thermophilic actinomycetes were in the order of 10 6 CFU and 10 3 CFU g -1 soil, respectively. Similar values were observed by Xu et al. (27) in a study on populational dynamics of mesophilic actinomycetes in the arid pasture soil (1.5 x 10 6 UFC g -1 ). These authors analysed also the abundance of thermophilic actinomycetes, which showed values in the order of 10 4 UFC g -1 , higher than found in our work. Jackson et al. (13) found that the occurrence of thermoactinomycetes was about 10 3 CFU g -1 in different agricultural soils. Despite of the commonly higher microbial density found in rhizosphere, in our study the number of microbial population did not differ significantly between bulk soil and rhizospheric soil. This was probably due to low rainfall in the period, that strongly affected the plant growth. Most of the perennial grasses, including A. adscensionis, were dry and annual herbaceous plants growth was completely inhibited. It is worth to point out that fluorescent Pseudomonas spp., often very abundant in the rhizosphere (7, 12, 14) , were not found in any sample (data not shown), showing their intolerance to the stressing conditions observed in the studied soil.
Bacteria were represented almost exclusively by Gram positive spore-forming isolates and actinomycetes. The physiological versatility of these bacterial groups and the production of spores resistant to adverse environmental conditions allow the population to survive even during periods of high stress, such as high temperature and dryness, keeping a stable population over the time (25) . The actinomycetes that produce spores resistant to desiccation are common in dry soils. Borneman et al. (2) and Hattori et al. (9) also reported the predominance of Gram positive bacteria in soil. However, many authors observed that the Gram negative bacteria constitute the main bacterial group in soil (17, 18, 28) . These discrepancies may reflect the differences between climate and soil type, among other factors.
Local populations are selected by physical capacity to resist the high temperature and dryness, as well as by some specific morphological and physiological characteristics, e.g. production of particular enzymes, important factor in the environment where the nutrients availability is limited.
The bacterial strains isolated at 55ºC were more active in producing proteases and amylases, however the bacteria isolated at 30ºC were able to produce more diverse extracellular enzymes. Combined hydrolytic activities have been detected in various bacterial strains that could be used for biotechnological purposes. Proteolytic activity was the most common among isolates, since 93% of mesophiles and all thermophiles produced extracellular proteases. Many reports show that actinomycetes, bacteria of genera Bacillus and Pseudomonas are able to degrade chitin, however, among bacterial isolates tested in the present work, only actinomycetes produced quitinases. None thermophilic isolate showed celullolytic and quitinolytic activity. These data suggest that bacteria isolated from soil of semi-arid tropics, especially thermophilic ones, are represented by specific physiological groups. The molecular studies and quantitative analysis of extracellular enzymatic activities of these bacteria, in focus of our future work, may provide more detailed information on the diversity and biotechnological potential of bacteria that live in soil of caatinga at Northeast of Brazil.
RESUMO
Dinâmica populacional e atividade de enzimas extracelulares de bactérias mesofílicas e termofílicas isoladas do solo do semi-árido nordestino
A dinâmica das populações bacterianas meso e termofílicas foi estudada no solo sem raízes e rizosférico associado à gramínea Aristida adscensionis L. na caatinga da zona semiárida do nordeste brasileiro. As bactérias totais heterotróficas, as bactérias esporuladoras e actinomicetos mesofílicos foram significativamente mais abundantes que os termofílicos, suas contagens variando na ordem de 10 6 
